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The antiapoptotic protein PED/PEA-15 features an Akt phosphorylation motif upstream from Ser,,s In
vitro, recombinant PED/PEA-15 was phosphorylated by Akt with a stoichiometry close to 1. Based on Western
blotting with specific phospho-Ser,,, PED/PEA-15 antibodies, Akt phosphorylation of PED/PEA-15 occurred
mainly at Ser,,¢. In addition, a mutant of PED/PEA-15 featuring the substitution of Ser;,,—Gly (PEDg,6_.¢)
showed 10-fold-decreased phosphorylation by Akt. In intact 293 cells, Akt also induced phosphorylation of
PED/PEA-15 at Ser,,, Based on pull-down and coprecipitation assays, PED/PEA-15 specifically bound Akt,
independently of Akt activity. Serum activation of Akt as well as BAD phosphorylation by Akt showed no
difference in 293 cells transfected with PED/PEA-15 and in untransfected cells (which express no endogenous
PED/PEA-15). However, the antiapoptotic action of PED/PEA-15 was almost twofold reduced in PEDg,,4_.¢
compared to that in PED/PEA-15,,. cells. PED/PEA-15 stability closely paralleled Akt activation by serum in
293 cells. In these cells, the nonphosphorylatable PEDg,,, . mutant exhibited a degradation rate threefold
greater than that observed with wild-type PED/PEA-15. In the U373MG glioma cells, blocking Akt also reduced
PED/PEA-15 levels and induced sensitivity to tumor necrosis factor-related apoptosis-inducing ligand apo-
ptosis. Thus, phosphorylation by Akt regulates the antiapoptotic function of PED/PEA-15 at least in part by

controlling the stability of PED/PEA-15. In part, Akt survival signaling may be mediated by PED/PEA-15.

PED/PEA-15 is a recently identified cytosolic protein fea-
turing ubiquitous expression (8, 6). PED/PEA-15 has been
shown to exert antiapoptotic action through distinct mecha-
nisms. First, PED/PEA-15 inhibits formation of the death-
inducing signaling complex (DISC) and caspase 3 activation by
different apoptotic cytokines including FASL, tumor necrosis
factor alpha, and tumor necrosis factor-related apoptosis-in-
ducing ligand (TRAIL) (7, 16, 22). At least in part, this action
is accomplished through the death-effector-domain of PED/
PEA-15 upon PED/PEA-15 recruitment to the DISC (7, 16,
22). Secondly, PED/PEA-15 inhibits the induction of different
stress-activated protein kinases (SAPKs) triggered by growth
factor deprivation, hydrogen peroxide, and anisomycin (5).
This action of PED/PEA-15 is exerted by the blocking of an
upstream event in the SAPK activation cascade (5) and re-
quires the interaction of PED with ERK1/2 (14, 17).

PED/PEA-15 is phosphorylated at Ser, ;, by calcium-calmod-
ulin kinase II (CaMKII) (2) facilitating further phosphoryla-
tion by protein kinase C (PKC) at Ser,, (23). Thus, PED/
PEA-15 is present in the cell in the unphosphorylated (N),
singly phosphorylated (Pa), and doubly phosphorylated (Pb)
forms. Previous studies have shown that only the Pb form of
PED/PEA-15 can be recruited to the DISC and inhibit TRAIL
apoptotic signaling (31). In addition, the antiapoptotic action
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of PED/PEA-15 requires PKC activity (7, 16, 22), indicating
that, in the cell, PED/PEA-15 function is regulated by phos-
phorylation. However, whether kinases different from PKC
and CaMKII may trigger survival or antiapoptotic signals by
regulating PED/PEA-15 function is currently unknown.

Akt/PKB is a serine/threonine kinase that plays a major role
in transducing proliferative and survival signals intracellularly
(15, 21, 25). Akt/PKB has been demonstrated to phosphorylate
a number of proteins involved in apoptotic signaling cascades,
including the BCL2 family member BAD (12), the protease
caspase 9 (4), the Forkhead transcription factor FRLH (3),
and p21<PWAFL (24), Phosphorylation of these proteins pre-
vents apoptosis through several different mechanisms. For in-
stance, unphosphorylated BAD induces cell death by forming
heterodimers with BCL-X, and generating BAX homodimers
(12). Upon activation of Akt/PKB, phosphorylated BAD pro-
motes cell survival by binding the 14-3-3 protein, which pre-
vents BAD association to BCL-X; (12). At variance, in the
case of p21<PWAFL phosphorylation by Akt/PKB results in
increased stability, promoting cell survival (24).

The finding that PED/PEA-15 possesses a low-stringency
Akt/PKB phosphorylation consensus led us to analyze the pos-
sibility that PED/PEA-15 may also represent a relevant Akt/
PKB substrate and that PED/PEA-15 phosphorylation by this
kinase may regulate the antiapoptotic function of PED/PEA-
15. In the present work we demonstrate that Akt, in addition to
CaMKII, phosphorylates PED at Ser,,, in vitro and in vivo,
regulating PED/PEA-15 function on cellular apoptosis. In part,
Akt survival signaling may be mediated by PED/PEA-15.



4512 TRENCIA ET AL.

MATERIALS AND METHODS

Materials. Media, sera, and antibiotics for cell culture and the Lipofectamine
reagent were purchased from Invitrogen Ltd. (Paisley, United Kingdom). Rabbit
polyclonal Akt antibodies were from Santa Cruz Biotechnology (Santa Cruz,
Calif.), and phosphokinase antibodies were from New England Biolabs Inc.
(Beverly, Mass.). PED/PEA-15 antibodies have been previously reported (6).
The HA-Akt, HA-AKt 74129, and HA-AKty 59 plasmids were donated by G. L.
Condorelli (La Sapienza University of Rome) and have been previously reported
(13), while recombinant Akt (rAkt) was purchased from Upstate Biotechnology
Inc. (Lake Placid, N.Y.). Antisera against phospho-Serine,;, PED/PEA-15
(pSer,;, PED Ab) were prepared in rabbits by PRIMM (Milan, Italy) by using
the PED/PEA-15 KLH-conjugated phosphopeptide NH,-CKDIIRQP(Sp)EEEI
IKLAP-COOH. The specificity of this antiserum is shown in Fig. 2 in the present
paper. The S5, (HIFEISRRPDLL), S,, (LTRIPSAKKYKD), and S, ;5 (ITRQP
SEEIIK) PED/PEA-15 dodecapeptides were also synthesized by PRIMM. So-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) reagents
were purchased from Bio-Rad (Richmond, Va.). Western blotting and ECL
reagents and radiochemicals were from Amersham (Arlington Heights, Tl1.). All
other reagents were from Sigma (St. Louis, Mo.).

Plasmid preparation, cell culture, and transfection and apoptosis assays.
The PEDg; 6. and PEDg;(4 . mutant cDNAs were prepared by using a
pcDNA3PED/PEA-15 ¢cDNA and the site-directed mutagenesis kit by Strat-
agene (Heidelberg, Germany) according to the kit manufacturer’s instructions.
Sequences were confirmed by the Sanger method with the T7 sequencing kit
(Pharmacia-LKB, Milan, Italy). Stable expression of the mutant cDNAs in 293
cells was achieved as reported in reference 5. The 293 cells expressing the
wild-type PED/PEA-15 cDNA have been described in reference 16. The cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum, 100 IU of penicillin/ml, 100 IU of streptomycin/ml,
and 2% L-glutamine in a humidified CO, incubator as reported in reference 5.
Transient transfection of wild-type or mutant Akt cDNAs in these cells was
accomplished by using the Lipofectamine method according to the manufactur-
er’s instructions. Briefly, the cells were cultured in 60-mm-diameter dishes and
incubated for 24 h in serum-free DMEM supplemented with 3 pg of cDNA and
15 ul of Lipofectamine reagent. An equal volume of DMEM supplemented with
20% fetal calf serum was then added for 5 h, followed by replacement with
DMEM supplemented with 10% serum for 24 h before the assays. The U373MG
human glioma cells were generously provided by C. Hao (University of Alberta,
Edmonton, Canada). These cells were cultured and transfected as described in
reference 16.

Apoptosis was quantitated by using the Apoptosis ELISA Plus kit (Roche
Diagnostics GmbH, Mannheim, Germany) according to the manufacturer’s in-
structions.

Western blot analysis, PED/PEA-15 phosphorylation, and determination of
Akt activity. For Western blotting, the cells were solubilized in lysis buffer (50
mM HEPES [pH 7.5], 150 mM NaCl, 4 mM EDTA, 10 mM Na,PO,, 2 mM
Na3;VO,, 100 mM NaF, 10% glycerol, 1% Triton X-100, 1 mM phenylmethyl-
sulfonyl fluoride, 100 mg of aprotinin/ml, 1 mM leupeptin) for 60 min at 4°C. Cell
lysates were clarified at 5,000 X g for 15 min. Solubilized proteins were then
separated by SDS-PAGE and transferred onto 0.45-pm-pore-size Immobilon-P
membranes (Millipore, Bedford, Mass.). Upon incubation with the primary and
secondary antibodies, immunoreactive bands were detected by ECL according to
the manufacturer’s instructions.

For studying phosphorylation of PED/PEA-15 in intact cells, 293 cells were
transiently transfected with the different Akt constructs as indicated. After 24 h,
the cells were rinsed with 150 mM NaCl, incubated in phosphate- and serum-free
culture medium for 16 h at 37°C, and then further incubated for 8 h in this same
medium supplemented with 200 wCi of [3?PJorthophosphate/ml. Insulin (final
concentration, 100 nM) was then added, and the cells were rapidly rinsed with
ice-cold saline followed by solubilization with 0.5 ml of lysis buffer per dish for 1 h
at 4°C. Lysates were centrifuged at 5,000 X g for 20 min, and solubilized proteins
were precipitated with PED/PEA-15 antibodies, separated by SDS-PAGE, and
revealed by autoradiography. In these assays, insulin action on PED phosphor-
ylation was dose dependent, with half-maximal effect at 3 nM and maximal effect
at 100 nM.

Akt activity was assayed in vitro as previously reported (11). Briefly, 293 cells
expressing either the wild-type or the mutant PED/PEA-15 cDNAs were solu-
bilized in lysis buffer and lysates were clarified by centrifugation at 5,000 X g for
20 min. Two hundred micrograms of the lysates were immunoprecipitated with
Myc antibodies. The precipitates (or 2 pg of recombinant PED) were incubated
in a kinase reaction mixture containing 20 mM HEPES [pH 7.2], 10 mM MgCl,,
10 mM MnCl,, 1 mM dithiothreitol, 5 mM ATP, 0.2 mM EGTA, 1 mM protein
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kinase inhibitor, 10 pCi of [y->>P]ATP, and 0.4 p.g of rAkt or Akt or CaMKII
immunoprecipitates, as indicated. Alternatively, rAkt was incubated in the kinase
reaction mixture in the presence of 1 mM concentration of the S;4, S1g4, OF Sy16
PED/PEA-15 dodecapeptides. Phosphorylation reactions were prolonged for 10
min, stopped by cooling on ice, and spotted on phosphocellulose disk papers.
Disks were washed with 1% H3PO,, and disk-bound radioactivity was quantified
by liquid scintillation counting. Alternatively, phosphorylated proteins were sep-
arated by SDS-PAGE and analyzed by autoradiography. The stoichiometry of
PED phosphorylation by Akt and CaMKII was determined by allowing the
reactions to proceed for 1 h at 30°C in the presence of excess kinase to saturate
the reaction mixture. The number of moles of phosphate transferred per mole of
recombinant PED was calculated based on a [y->*P]ATP standard curve.

PED/PEA-15-Akt interaction. To investigate the interaction of PED/PEA-15
with Akt, PED/PEA-15-glutathione S-transferase (GST) fusion protein was gen-
erated. To this end, wild-type PED/PEA-15 cDNA was amplified by using the
following two sets of primers: PED/PEA-15 5'EcoRI (5'-CCGGAATTCATGG
TTGAGTACGGGACCCTC-3") and PED/PEA-15 3'Sall (5'-GTCGACTCAG
GCCTTCTTCGGTGGGGGGACC-3"). PED/PEA-15 ¢cDNA was then cloned
in the pGEX 4Tlplasmid, and the sequence was confirmed by using the T7
sequencing kit. Lysates from Akt-transfected cells (500 pg) or 0.4 g of recom-
binant Akt were incubated in the presence of 50 pl of Sepharose-bound GST-
PED/PEA-15 (approximately 2 ng) for 2 h at 4°C. Beads were washed four times
with TNT buffer (0.5% NP-40, 25 mM TRIS [pH 7.5], 30 mM MgCl,, 40 mM
NaCl, 1 mM dithiothreitol) and then resuspended in Laemmli buffer followed by
boiling for 4 min and centrifugation at 25,000 X g for 3 min. Supernatants were
analyzed by SDS-PAGE and blotting with Akt antibodies.

RESULTS

In vitro phosphorylation of PED/PEA-15 by Akt. PED/PEA-
15 sequence analysis revealed the presence of a low-stringency
Akt phosphorylation motif including the Ser,,, residue of
PED/PEA-15 (Fig. 1A). To verify the hypothesis that PED/
PEA-15 is an Akt substrate, we first expressed the hemagglu-
tinin (HA)-tagged wild-type Akt (AktWT), the constitutively
active HA-AKt, a4.129 (AktD+), and the inactive HA-Akty 79
M mutant cDNAs (AktD-) in 293 human embryonic kidney
cells, because these cells express no detectable levels of endog-
enous PED/PEA-15. HA antibody-precipitated Akt from these
cells was then tested for its ability to phosphorylate His-tagged
recombinant PED/PEA-15 in vitro. SDS-PAGE analysis of the
phosphorylation mixtures revealed that wild-type Akt induced
PED/PEA-15 phosphorylation (Fig. 1B). The constitutively ac-
tive Akt induced fourfold-greater phosphorylation of PED/
PEA-15 than did wild-type Akt. In contrast, precipitated inac-
tive Akt or HA precipitates from cells transfected with the
empty vector (PC) did not. Blotting with PED/PEA-15 and HA
antibodies revealed that these variations were not due to dif-
ferences in the amounts of either PED/PEA-15 or Akt in the
assays. In addition, blotting with specific antibodies toward the
key Akt Serine activation site (serine,,s; P-Akt) showed that
the different phosphorylation levels of PED/PEA-15 closely
paralleled the Akt activation state in each assay. Endogenous
Akt precipitated from 293 cells upon stimulation with 100 nM
insulin also induced a fivefold increase in PED/PEA-15 phos-
phorylation over the level observed with unstimulated cells
(Fig. 1C). Again, blotting with PED/PEA-15, Akt-1, and phos-
pho-Akt antibodies indicated that the changes in PED/PEA-15
phosphorylation reflected differences in the activation state of
Akt rather than different amounts of Akt or PED/PEA-15 in
the assays. PED was indeed phosphorylated by Akt with a
stoichiometry of 0.82 mol of phosphate/mol of recombinant
PED, a value close to that observed in the case of CaMKII
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FIG. 1. In vitro phosphorylation of PED/PEA-15 by Akt (A) Par-
tial amino acid sequence alignment of serine phosphorylation sites in
Akt substrates. hBAD (29); hCREB (18, 30); h14.3.3.¢ (19, 27); hPED/
PEA-15 (2). Sequences have been aligned to maximize the homology
in the region upstream from the Ser,,, of PED/PEA-15. The single-
letter amino acid code is used. (B) The HA-tagged wild-type Akt
(Aktyr), constitutively active HA-Akt, r4.129 (Aktp, ), inactive HA-
Akty 79 m (Aktp ) mutant cDNAs, or the PCDNA3 empty vector (PC)
was transfected in 293 cells. Cells maintained in the presence of 10%
serum were solubilized, and cell lysates were precipitated with HA
antibodies. Precipitated Akt was incubated with 2 pg of His-tagged
recombinant PED/PEA-15 in the presence of 10 wCi of [y->*P]ATP.
The phosphorylation reaction was terminated with Laemmli buffer,
and samples were subjected to SDS-PAGE and autoradiography. For
control, the gels were also blotted with PED/PEA-15, HA, and Akt
phosphoserine*” antibodies (P-Akt), as indicated. (C) 293 cells were
stimulated with 100 nM insulin for 10 min and solubilized as described
in Materials and Methods, and lysates were immunoprecipitated with
Aktl antibodies. Precipitated Akt was incubated with recombinant
PED/PEA-15, and PED/PEA-15 phosphorylation was assayed as de-
scribed above. For control, the gels were blotted with PED/PEA-15,
Akt-1, and P-Akt antibodies. The autoradiographs shown are repre-
sentative of three (B) and four (C) independent experiments.

phosphorylation (0.87 mol of phosphate/mol of PED; the dif-
ference is not statistically significant).

Identification of PED/PEA-15 phosphorylation site by Akt.
To prove that the Ser,,, of PED/PEA-15 is phosphorylated by
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Akt, we generated a cDNA mutant of PED/PEA-15 featuring
the Ser,,,—Gly substitution. We then stably expressed the
PED/PEA-15 Ser,,,—>Gly cDNA and the wild-type PED/PEA-
15 ¢cDNA in 293 cells (293g;16_. and 293pepwr cells; three
independent clones of cells expressing the mutant and four
expressing the wild-type PED were selected and characterized
in detail). For control, three independent clones of cells ex-
pressing a second mutant cDNA of PED/PEA-15, featuring
the Ser,,,— Gly substitution, were also selected and used
(PEDg; 04, cells; the Ser,,,—Gly mutation abolishes PED/
PEA-15 phosphorylation by PKC [23]). Precipitates of these
cells with PED/PEA-15 antibodies were phosphorylated by
using HA precipitates from insulin-exposed cells expressing
wild-type HA-AKkt. In these assays, the Ser,,,—G mutant of
PED/PEA-15 showed a fourfold-decreased phosphorylation by
Akt compared to that of wild-type PED/PEA-15 (Fig. 2A).
Phosphorylation of the Ser,y,—Gly mutant showed no signif-
icant difference from that of wild-type PED/PEA-15. In addi-
tion, blotting with antisera raised against a specific phospho-
Serine,,, PED/PEA-15 peptide showed a 15-fold-decreased
phosphorylation of the Ser,,,—G compared to that of the
Ser,,—>G PED mutant or the wild-type PED. Also, incubation
of recombinant active Akt with same amounts of PED/PEA-15
precipitated from cells expressing either the wild-type or the
S,16—G mutant PED/PEA-15 c¢cDNAs showed 10-fold-de-
creased phosphorylation of the PED/PEA-15 mutant com-
pared to that of the wild-type (Fig. 2B). In this same assay,
however, the active Akt phosphorylated the Ser,,,—~Gly mu-
tant of PED/PEA-15 at a level similar to that observed with
wild-type PED/PEA-15. In vitro, the active Akt also phosphor-
ylated twofold more effectively a synthetic dodecapeptide fea-
turing the sequence of PED/PEA-15 surrounding Ser, 4 (S;6
peptide) than a PED/PEA-15 dodecapeptide including Ser,
(S50 peptide; Fig. 2C). An additional PED/PEA-15 dodecapep-
tide including Ser,(4 (S;04 peptide) was phosphorylated to a
level similar to that of the S,, peptide. Thus, in vitro, Akt
phosphorylates PED/PEA-15 on Ser, .

In vivo phosphorylation of PED by Akt. We also examined
the phosphorylation of PED/PEA-15 by Akt in intact 293p5pwr
cells upon metabolic labeling with [**PJorthophosphate. Incu-
bation of 293pcpwr cells with 100 nM insulin for 10 min
stimulated PED/PEA-15 phosphorylation twofold above the
basal level (Fig. 3A). Overexpression of similar levels of wild-
type or active Akt cDNAs also increased phosphorylation of
PED/PEA-15 1.8- and 3.2-fold, respectively. The same re-
sults were obtained with two further independent clones of
293PEDWT cells (not shown), indicating that, at least in part,
insulin may induce PED/PEA-15 phosphorylation through Akt
activation. Consistent with the role of Akt in insulin- and
serum-stimulated phosphorylation of PED, preincubation of
293 cells with the phosphatidylinositol (PI) 3-kinase blockers
Wortmannin or L'Y294002 inhibited insulin- as well as serum-
stimulated phosphorylation of PED/PEA-15 by >70% (Fig.
3B). These decreases in phosphorylation of PED were accom-
panied by a decrease of similar size in phosphorylation of the
key site of BAD by Akt.

Since Akt phosphorylates PED/PEA-15 at Ser, 4 in vitro, we
asked whether Ser, ¢ is also phosphorylated in intact cells. To
answer this question, we compared PED/PEA-15 phosphory-
lation in the 293,pwr the 293416, and the 293g,04 .o
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FIG. 2. Identification of the in vitro Akt phosphorylation site of
PED/PEA-15. (A) 293 cells expressing the wild-type (WT), the
Ser,,4,—>Gly or the Ser,,,—Gly PED/PEA-15 cDNAs were solubilized
and precipitated with PED/PEA-15 antibodies. PED/PEA-15 precipi-
tates were phosphorylated with Akt as outlined in the legend to Fig.
1, and samples were subjected to SDS-PAGE and autoradiography.
For control, aliquots of the phosphorylation mixtures were also blotted
with Akt, pSer,,, PED/PEA-15, or PED/PEA-15 antibodies as indi-
cated. (B) Constitutively active Akty,, (recombinant; 0.5 pg) was in-
cubated with PED/PEA-15 antibody precipitates from 293pgpwrs
PEDg; 4.~ g, and 293, ,4_. cells. Phosphorylation reactions were per-
formed as outlined above, and samples were subjected to SDS-PAGE
and autoradiography. To ensure equal amounts of Akt and PED/PEA-
15 in each assay, aliquots of the samples were also blotted with Akt or
PED/PEA-15 antibodies. The autoradiographs shown are representa-
tive of three (A) and four (B) independent experiments. (C) Synthetic
dodecapeptides matching the sequence of PED/PEA-15 surrounding
Ser, Ser, 4, or Ser; ;4 (PEP70, PEP104, or PEP116, respectively) were
incubated with recombinant Akt,, (0.5 png). Phosphorylation reac-
tions were initiated by addition of 10 wCi of [y->>P]JATP and prolonged
for 30 min. Peptide phosphorylation was then quantitated as described
in Materials and Methods. Each bar represents the mean *+ standard
deviation of five independent experiments. Based on # test analysis, the
difference in phosphorylation of the PEP116 and those of the other
peptides was significant at P values of <0.002.
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cells upon expression of the constitutively active HA-Akt or
insulin stimulation. As shown in Fig. 3C, PED/PEA-15 phos-
phorylation by active Akt was evident in the 293,zpwr and
2934104 (3.2-fold increase) but not the 2934, cells. In-
sulin also increased PED/PEA-15 phosphorylation twofold and
40% in the 293,.pwr and the 293g,,,_.g cells, respectively,
but elicited only a slight 20% increase in the 293p5p5116G
cells. In addition, Wortmannin preincubation of the cells al-
most completely inhibited insulin-stimulated phosphorylations
of wild-type PED/PEA-15 and of the Ser,,,—Gly mutant but
showed no effect on that of the Ser,,,—Gly mutant, indicating
that the latter phosphorylation is independent of Akt. Blotting
with phospho-Ser,,, PED antibodies revealed that wild-type
PED underwent phosphorylation in cells transfected with wild-
type Akt (upon insulin exposure) or with the active, but not the
inactive, Akt (Fig. 3D). Importantly, insulin-induced phos-
phorylation of PED at Ser,,, was unaffected by cell preincu-
bation with KN-93 and bisindolylmaleimide (BDM), which
inhibit CaMKII and PKC, respectively. It appears therefore
that Ser,,, represents the major Akt phoshorylation site of
PED/PEA-15 in intact cells as well as in vitro.

Action of Akt on PED function in 293 cells. To further
investigate the functional significance of Akt—-PED/PEA-15 in-
teraction, we first analyzed whether Akt directly binds PED/
PEA-15. To this end, we incubated PED/PEA-15-GST fusion
protein with either recombinant active Akt or lysates from cells
expressing the constitutively active cDNA of Akt. Bound pro-
teins were then pulled down and blotted with Akt antibodies.
As shown in Fig. 4A, PED/PEA-15-GST bound both recom-
binant and transfected Akt. No Akt binding was evident upon
incubation with GST alone. PED/PEA-15-GST did not bind to
HA precipitates from cells expressing an HA-JNK-1 cDNA
either, indicating specificity of the PED/PEA-15-Akt interac-
tion (Fig. 4B). Based on overlay binding studies, PED/PEA-15
bound Akt and ERK1 with similar affinities (data not shown).
Importantly, precipitation of 293,.pwr lysates with PED/
PEA-15 antibodies followed by blotting with Akt antibodies, or
vice versa, also revealed coprecipitation of PED/PEA-15 with
Akt, indicating that Akt—-PED/PEA-15 binding may occur in
intact cells as well as in vitro (Fig. 4C). PED/PEA-15-GST
incubation of extracts from cells expressing constitutively ac-
tive, kinase-defective, and wild-type HA-Akt cDNAs followed
by Akt blotting revealed that the mutant, the wild-type, and the
endogenous Akt equally bound to PED/PEA-15 (Fig. 4D).
Direct blotting of the cell extract with HA antibodies showed
similar levels of transfected Akt in the cells. It appeared there-
fore that the formation of the PED/PEA-15-Akt complex is
independent of Akt activity.

PED exerts a broad antiapoptotic action (5, 7, 16, 22). The
finding that PED/PEA-15 binds and is phosphorylated by Akt
led us to hypothesize that the antiapoptotic action of PED/
PEA-15 may be contributed by activation of Akt signaling, or
it may be regulated by phosphorylation by Akt, or both. To
answer these questions, we compared the serum activation of
Akt in the 293w cells with that in cells transfected with the
empty plasmid (293pc). As shown in Fig. 5A, there was no
difference between the phosphorylation levels of the key Akt
serine activation sites in these two cell types. Also, BAD phos-
phorylation by Akt featured no difference in the 293, and
the 293, cells (Fig. 5B), indicating that Akt activity is not
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FIG. 3. PED/PEA-15 phosphorylation by Akt in intact cells. (A) The HA-tagged wild-type and constitutively active Akt (Akty and Akt ,,
respectively) were transiently transfected in 2935w cells. The cells were then labeled with [3?PJorthophosphate and, when indicated, exposed
to 100 nM insulin for 10 min. Cells were lysed and precipitated with PED/PEA-15 antibodies, and precipitated proteins were analyzed by
SDS-PAGE and autoradiography. For control, aliquots of the samples were also blotted with PED/PEA-15 or HA antibodies. (B) 293ppwr cells
were labeled with [*>P]orthophosphate, preincubated with 50 nM Wortmannin or 110 uM LY294002 for 30 min, and stimulated with either 100
nM insulin (left panel) or 10% serum (right panel) for a further 10 min. The cells were solubilized and immunoprecipitated with PED/PEA-15
antibodies, and precipitates were subjected to SDS-PAGE and autoradiography. For control, the gels were subsequently blotted with either PED/
PEA-15 or phosphoBAD antibodies. (C) 293p:pwrs 29351166, and 293g;04.¢ cells were transiently transfected with the active Akt , cDNA (HA
tagged) and labeled with [**Plorthophosphate. The cells were then incubated with 50 nM Wortmannin and further stimulated with insulin as
indicated. Cell lysates were precipitated with PED/PEA-15 antibodies and analyzed by SDS-PAGE and autoradiography. For control, aliquots of
the cell lysates were also blotted with PED/PEA-15 or HA antibodies. (D) 293pcpwr cells were transfected with the wild-type (WT), the con-
stitutively active (D+) or inactive (D—) Akt, incubated with 50 uM KN-93 or 100 nM BDM, and then stimulated with 100 wM insulin as indicated.
Cell lysates were blotted with pSer,;, PED/PEA-15 antibodies and, for control, reblotted with PED/PEA-15 antibodies. Filters were revealed by
ECL and autoradiography. The autoradiographs shown are representative of three (A, B, and D) and four (C) independent experiments.
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Pulled-down complexes were then analyzed by SDS-PAGE followed by Western blotting with Akt antibodies. Filters were revealed by ECL and
autoradiography. (B) In parallel experiments, 293, ,w cells were transiently transfected with HA-tagged JNK-1 cDNA. Cell lysates (500 g of
protein) were incubated with agarose-bound GST-PED/PEA-15 or GST, as indicated, pulled-down, and analyzed by blotting with HA antibodies
and autoradiography. (C) 293PEDy, cells were solubilized, and cell lysates were immunoprecipitated with either PED/PEA-15 or preimmune
antisera followed by blotting with Akt antibodies (left panel). Alternatively, the lysates were precipitated with Akt or nonimmune antibodies
followed by blotting with PED/PEA-15 antibodies. Filters were revealed by ECL and autoradiography. (D) 293ppwr cells were transiently
transfected with the HA-tagged active Akt , inactiveAkt,_, or Akty cDNAs as indicated. Cell lysates were analyzed by GST-PED/PEA-15
pull-down assays as outlined above. For control, aliquots of the cell extracts were also blotted with HA antibodies followed by ECL and
autoradiography. The autoradiographs shown are representative of four (A) and three (B, C, and D) independent experiments.

affected by cellular levels of PED/PEA-15. We therefore in-
vestigated whether phosphorylation by Akt regulates the anti-
apoptotic function of PED/PEA-15. To this end, we compared
the apoptosis induced by growth factor deprivation in untrans-
fected 293 cells with the apoptosis induced in cells expressing
comparable levels of wild-type or mutant PED/PEA-15. Con-
sistent with previous findings (6), the expression of wild-type
PED/PEA-15 resulted in a >2-fold decrease in apoptosis fol-
lowing serum deprivation compared to that observed for the
293 cells transfected with the empty vector (293, cells; Fig.

5C). But this protective effect was >60% less evident in cells
expressing the nonphosphorylatable S,,,—G mutant of PED/
PEA-15. In comparison, substitution of Ser,,,—Gly reduced
PED/PEA-15 antiapoptotic function by only 35%. The levels
of ERK activation by serum in cells expressing wild-type PED/
PEA-15, in cells expressing mutant PED/PEA-15, and in un-
transfected 293 cells were not different (data not shown).
293pepwr cells featured very low levels of apoptosis when
maintained in the presence of serum. However, exposure of
these cells to Wortmannin and BDM increased apoptosis nine-
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deprivation between the 293¢, and 293pppwr cells is significant at P values of <0.01. O.D.,s, optical density at 405 nm.



4518 TRENCIA ET AL.

and fivefold, respectively. According to previous observations
in 293 cells (5), cell treatment with the MEK inhibitor
PD98059 also induced an increase in apoptosis of almost four-
fold. The effects of Wortmannin, PD98059, and BDM were
more pronounced than in untransfected cells (P < 0.001 by ¢
test analysis), indicating an important role of PED/PEA-15 in
their elicitation. The 2934, ,4_.g and 293, ,4_.g cells exhibited,
respectively, nine- and fivefold-higher basal rates of apoptosis
compared to the 293, wr cells (P < 0.001). Wortmannin had
no further effect on apoptosis in the 2934,,,_.g cells, whereas
it increased the apoptosis in the 2934, 4_. cells threefold. In
contrast, BDM slightly increased apoptosis in the 293414
cells (40%; P < 0.05) but had no effect at all in those express-
ing the Ser,,_. mutant. PD98059 increased apoptosis by 40%
and twofold, respectively, in the 293¢,,,_. and the 293¢, 4.
cells. Thus, Akt as well as PKC phosphorylations exerted an
important role in regulating PED function.

Akt action on PED stability in 293 cells. To elucidate the
significance of phosphorylation by Akt for PED/PEA-15 func-
tion, we tested the possibility that Akt phosphorylation affects
the half-life of PED/PEA-15 in the cells. We first compared the
expression levels of wild-type PED/PEA-15 in cells maintained
in the presence and in the absence of serum, when phosphor-
ylation of the key Akt activation site is maximal and undetect-
able, respectively. As shown in Fig. 6A, PED/PEA-15 levels
were fivefold higher in the cells exposed to serum than in the
starved cells. Also, the effect of serum on the expression level
of PED/PEA-15 was reduced threefold by Wortmannin, in
parallel with the effect of serum on Akt phosphorylation. Very
similar results were obtained in the presence of 100 nM insulin
instead of serum (data not shown). More compelling, in the
serum-starved cells, expression of the constitutively active Akt
mutant resulted in PED/PEA-15 expression levels comparable
to those measured in cells maintained in the presence of se-
rum. In addition, both the effect of serum and that of the active
Akt on PED/PEA-15 levels were absent in the 293g,,,_. cells,
demonstrating the role of Akt phosphorylation in determining
the intracellular levels of PED/PEA-15.

Next, we directly examined whether Akt phosphorylation
may increase the stability of PED/PEA-15. We incubated
293pEpwr and 293g,,4_.g cells with the protein synthesis in-
hibitor cycloheximide. We then compared the degradation
rates of PED/PEA-15 in the two cell types. As shown in Fig.
6B, in the 293,pwr cells, almost 50% of the initial levels of
PED/PEA-15 were still present after 6 h of incubation with
cycloheximide. The disappearance of PED/PEA-15 was much
faster in the 293g,,,_. cells, since in these cells 50% of PED/
PEA-15 levels became undetectable within only 1 h. Again, the
difference in PED stability in the 293w and the 2934, 4.6
cells was confirmed in two other clones of each cell line (data
not shown). Earlier reports showed that PKC phosphorylation
at Ser,,, depends on previous phosphorylation at Ser,, (23).
Thus, phosphoserine,,, might also contribute to PED stability.
Accordingly, wild-type PED stability also decreased when PKC
activity was blocked by BDM, although less evidently than with
the Ser,,,—Gly mutant. Hence, upon treatment with BDM,
50% of the initial levels of wild-type PED were present after
3 h of incubation with cycloheximide. Consistent with the per-
missive role of Ser,;, phosphorylation on that of Ser,,, (23),
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treatment with BDM caused only a slight further increase in
the degradation rate of PEDg; s .-

Action of Akt on PED stability and function in human
glioma cells. To further address the significance of PED
phosphorylation by Akt, we have blocked Akt activity in the
U373MG human glioma cell line. These cells feature high
levels of PED determining resistance to the apoptotic cytokine
TRAIL (16, 31). Similar to what was observed with the 293
cells, in the U373MG glioma cells preincubation with either
Wortmannin or LY294002 caused an 80% increase in apopto-
sis (P < 0.001; Fig. 7). This induction of apoptosis was accom-
panied by a >3-fold decrease in PED phosphorylation at
Ser,,, and in the cellular levels of PED (Fig. 7, top). Interest-
ingly, both treatment with Wortmannin and treatment with
LY294002 rescued sensitivity to TRAIL apoptosis. Wortman-
nin and LY294002 also reduced Akt activity as well as PED re-
cruitment to TRAIL-induced DISC by >80% (data not
shown), supporting the major role of this kinase in controlling
the cellular function of PED in the glioma as well as in other
cells.

DISCUSSION

PED/PEA-15 is a recently identified protein featuring a
broad antiapoptotic function (5, 7, 16, 22). PED/PEA-15 in-
hibits the apoptotic signal of FasL, tumor necrosis factor alpha,
and TRAIL (7, 16, 22) and also blocks apoptosis following the
activation of several SAPKs (6). Previous work in our own as
well as in other laboratories has shown that phosphorylation by
PKC plays an important role in enabling the antiapoptotic
function of PED/PEA-15 (7, 16, 22). In the present paper we
demonstrate that PED/PEA-15 phosphorylation by Akt also
regulates PED/PEA-15 control of cell apoptosis.

We have shown that Akt phosphorylates PED/PEA-15 in
vitro as well as in intact cells. PED/PEA-15 sequence analysis
revealed a low-stringency Akt phosphorylation site, Ser,g.
Hence, in vitro, Akt phosphorylates the wild-type PED/PEA-
15 but not a mutant PED/PEA-15 featuring the Ser,,,—Gly
substitution. Akt also phosphorylates twofold more effectively
a synthetic peptide featuring the sequence of PED/PEA-15
surrounding Ser,,, than two other equally sized PED/PEA-15
peptides including either Ser,,, or Ser,,. In addition, active
Akt does not phosphorylate the PEDg, ;. mutant when ex-
pressed in 293 cells, whereas it does phosphorylate wild-type
PED/PEA-15. Finally, Western blotting studies with a specific
phospho-Ser,;, PED/PEA-15 antiserum identified Ser,, as
the major Akt phosphorylation site of PED/PEA-15 in vivo
and in vitro. Akt substrate serines are usually embedded in
RXRXXS consensus sequences (1). In contrast, the 5-amino-
acid region of PED/PEA-15 upstream from Ser, ,, exhibits only
a single Arg residue. The same structural feature has been
reported for the Akt Ser substrates of CREB (10) and of the
14-3-3¢ scaffold protein (27). In the case of PED/PEA-15, we
showed that PED/PEA-15 directly binds to Akt. The binding is
independent of Akt activity, as it effectively occurs to both
constitutively active and inactive Akt mutants as well as to
wild-type Akt. In addition, PED/PEA-15 binds Akt with an
affinity similar to that exhibited for ERK1, a known PED/PEA-
15 ligand (14, 17) (data not shown). It is possible, therefore,
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FIG. 6. Akt action on PED/PEA-15 stability in 293 cells. (A) 293pgpwr and 293g,,4_¢ cells were transiently transfected with the active
HA-Akty,, mutant as indicated. The cells were maintained in the absence or the presence of serum for 16 h. During the last 3 h of incubation,
Wortmannin was added at a final concentration of 50 nM, as indicated. The cells were then solubilized and sequentially blotted with PED/PEA-
15, P-Akt, HA, and a-tubulin antibodies. Filters were revealed by ECL and autoradiography. The autoradiograph shown is representative of three
independent experiments. (B) Alternatively, 293ppwr and 293g;,4_.¢ cells were deprived of serum for 14 h and then further incubated with 40
pg of cycloheximide/ml for the indicated times in the absence or the presence of 100 nM BDM. Cells were then solubilized, and 100 wg of cell
proteins were subjected to SDS-PAGE followed by blotting with PED/PEA-15 antibodies, ECL, and autoradiography. (C) Autoradiographs were
analyzed by laser densitometry. Each data point is the mean = standard deviation of four independent experiments, one of which is shown in panel B.

that in the cell PED/PEA-15 recruits Akt and that this facili-
tates PED/PEA-15 phosphorylation by the kinase.

When expressed in 293 cells, the S, ,,—G mutant PED/PEA-
15 showed an almost twofold decrease in antiapoptotic func-
tion compared to wild-type PED/PEA-15. In 293 cells, PED
inhibition of apoptosis requires PED activation of ERKs (5).
However, reduced antiapoptotic function of the Ser,,,—G

mutant did not appear to depend on changes in its interaction
with ERKs, as ERK activation levels were not different in cells
expressing the mutant and in wild-type cells (data not shown).
Interestingly, a pharmacological blocking of wild-type PED/
PEA-15 phosphorylation at Ser,,, was accompanied by a sig-
nificant increase in 293 cell apoptosis, even in the presence of
serum. These findings suggest that, at least in the 293 cells,
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Methods. Some of the cells were also solubilized and Western blotted
with either PED/PEA-15 or pSer;,, PED/PEA-15 antibodies (top).
Bars represent the means * standard deviations of duplicate determi-
nations from three independent experiments.

PED may switch from an unphosphorylated proapoptotic form
to a phosphorylated antiapoptotic form. Hence, expression
of the Ser,,,—Gly mutant induces apoptosis, likely contribut-
ing to the reduced protection from apoptosis observed in
293PEDyg; 4. compared to the 293, cells. Kubes et al.
reported that endothelin-activated CaMKII also phosphory-
lates PED/PEA-15 at Ser; 4 (23). Consistent with our findings,
endothelin exerts antiapoptotic action in different cell types
(9). It is unlikely that CaMKII serves as a downstream medi-
ator of Akt action on PED/PEA-15 phosphorylation in the
intact cell, as blocking of CaMKII does not inhibit Akt phos-
phorylation of PED/PEA-15 at Ser,,,. More likely, therefore,
PED/PEA-15 represents a common target for multiple kinases
transducing survival signals triggered by growth factors and
cytokines, supporting an important role of PED/PEA-15 in the
cellular regulation of apoptotic programs.

Earlier works indicated that PED/PEA-15 phosphorylation
at Ser,,, facilitates subsequent phosphorylation by PKC at
Ser, (4. In the present report, we show that the single substitu-
tion Ser,(,_.g of PED/PEA-15 also reduced the antiapoptotic
activity of PED/PEA-15, but only by 30%. These findings in-
dicate that impaired phosphorylation at Ser,,, may account, in
part, for reducing PED/PEA-15 antiapoptotic action when
phosphorylation of Ser, 4 is disabled. Consistent with this pos-
sibility, blocking of PKC only slightly increased apoptosis in
293416 cells.

Despite the relevance of phosphorylation at Ser,,,, other
factors seemed to be involved in regulating PED/PEA-15 anti-
apoptotic function in 293 cells. Hence, apoptosis induced by
serum starvation was less in cells expressing the S;;,—G mu-
tant than in cells expressing no PED/PEA-15 at all. Akt regu-
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lation of PED function is not unique to the 293 cells, however.
In fact, we report that blocking of Akt in human glioma cells
expressing high levels of PED/PEA-15 simultaneously de-
creases PED/PEA-15 phosphorylation at Ser,,, and rescues
sensitivity to the apoptotic cytokine TRAIL.

Akt regulates a number of cellular functions including cell
survival (25). Different substrates are phosphorylated by Akt
and converted into survival proteins (3, 4, 12, 24). This func-
tion, in turn, is accomplished by regulating protein-protein
interaction (12), by affecting protein localization (3) or protein
stability (24). In the present work, we show that Akt phosphor-
ylation increases the stability of PED/PEA-15 in the cell.
Hence, PED/PEA-15 levels are low in cells subjected to serum
starvation, when Akt activity is inhibited, and in cells subjected
to pharmacological blocking of the PI 3-K/Akt pathway. PED/
PEA-15 cellular levels increase upon expression of a consti-
tutively active Akt mutant. In addition, we report that the
S,16—G PED/PEA-15 mutant features reduced stability com-
pared to that of wild-type PED/PEA-15. At variance with wild-
type PED/PEA-15, the S,,,—G mutant is unaffected by Akt.
Thus, at least in part, Akt regulates PED protein stability and
antiapoptotic function by phosphorylating PED/PEA-15 at
Ser,,,. PED/PEA-15 degradation is blocked by treatment of
the cells with the proteasome inhibitor lactacystin, suggesting
that PED/PEA-15 intracellular levels are regulated by the
ubiquitin pathway (data not shown). Whether this hypothesis
holds and whether PED/PEA-15 ubiquitination is, in turn,
inhibited by Akt phosphorylation is currently being investi-
gated in our laboratory.

The PED/PEA-15 gene is amplified in human breast cancer
(20) as well as in other tumors and PED/PEA-15 overexpres-
sion may have a role in skin carcinogenesis (S. Santopietro and
J. Portella, personal communication). Akt is also upregulated
in a number of human cancers (26, 28, 29). In this work, we
demonstrated that PED/PEA-15 is a substrate for Akt and
obtained evidence that Akt phosphorylation and stabilization
of PED/PEA-15 is a previously unrecognized mechanism in-
volved in Akt survival signaling. Simultaneous increases in
PED/PEA-15 cellular levels and Akt activity might function
cooperatively in tumorigenesis and/or tumor progression in
humans.
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